The effect of acifluorfen-methyl on tetrapyrrole synthesis in greening chloroplasts of Cucumis sativus was examined. Formation of Mg-proto-porphyrin IX from 6-aminolevulinate was reduced 98% by 10 micromolar acifluorfen-methyl. Conversion of protoporphyrin IX to Mg-protoporphyrin IX was unaffected, but protoporphyrin IX synthesis from 6-aminolevulinate was blocked, indicating a site of inhibition prior to the Mg-chelatase. The enzymic oxidation of protoporphyrinogen IX to protoporphyrin IX was highly sensitive to acifluorfen-methyl, indicating that the site of action of the herbicide is the protoporphyrinogen oxidase. (© 1989 FMC Corporation. All rights reserved.)
MATERIALS AND METHODS Chemicals
Proto IX was purchased from Porphyrin Products (Logan, UT) and purified as outlined by Fuesler et al. (7) . Protogen IX was freshly prepared by reduction of Proto IX with a Na/ Hg amalgam as outlined by Jacobs and Jacobs (1 1), utilizing the purified Proto IX at a concentration of 300 Mm. Mg Proto IX and AFM were synthesized at the FMC Princeton Research and Development facility. The Bio-Rad protein determination kit, which employs the Bradford method (1), was purchased from Bio-Rad Laboratories. All other reagents were purchased from Sigma or Aldrich.
Recently a number of laboratories have reported dramatic accumulations of Proto IX' in plant tissues treated with the diphenyl ether herbicide AFM, methyl-5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoate. The amount of Proto IX accumulated correlates with the extent of herbicide induced injury observed; further, inhibitors of tetrapyrrole synthesis such as levulinic acid, gabaculine, and dioxoheptanoic acid prevent or reduce the membrane disruption which normally results following illumination of AFM treated tissues (12, 13, 20) . Proto IX is recognized as a potent photosensitizer (4, 18) . Therefore, these observations have led to the hypothesis that Proto IX is the photosensitizing agent initiating lipid peroxidation in AFM treated plant tissues. Analyses of the pigment profiles in extracts of in vivo systems treated with AFM have shown an inverse relation between chlorophyllide and Proto IX levels; as herbicide dose increased, Proto IX levels also increased with a concomitant reduction in chlorophyllide and no increase in Mg-Proto IX suggesting that the Mg insertion step was inhibited (12, 20) . Based on these observations in vivo we conjectured that the primary site of phytotoxic action for AFM might be the Mg-chelatase (20) . The purpose of the present study was to determine experimentally the specific portion of the tetrapyrrole biosynthetic pathway affected by AFM in isolated, developing chloroplasts. 
Protoporphyrinogen Oxidase
Assays were conducted as outlined by Jacobs and Jacobs (10), in 0.2 mL of chloroplast suspension, utilizing the same assay buffer and plastid concentrations as in the partial chain reactions. Fifty uL of freshly prepared Protogen (about 15 nmol) was added to the suspension to initiate the reaction. Assays were terminated by the addition of 2.75 mL of the fluorometric medium of Jacobs and Jacobs (11) consisting of 1% (v/v) Tween-20, 50 mM Tris-HCl (pH 8.5), and 1 mM EDTA; 1 mm DTE, was substituted for 5 mM glutathione. The suspensions were then read directly on the spectrofluorometer equipped with a front-face fluorescence option for turbid biological samples. This detection method minimized autooxidation of the Protogen that would have occurred utilizing the methanol extraction procedure. Corrections for the nonenzymatic oxidation of Protogen to Proto IX were made by monitoring Proto IX production in heat inactivated (15 min at 85°C) plastid preparations. Proto IX production was quantified from a standard curve generated of the authentic sample in fluorometric media.
RESULTS AND DISCUSSION
AFM was found to have no effect on the ability of the chloroplasts to convert Proto IX to Mg-Proto IX, thus indicating that the herbicide does not inhibit Mg-chelatase. However, synthesis of Mg Proto IX from the first committed precursor of Chl synthesis, ALA, was effectively blocked by AFM (Fig. 1) . Chloroplasts fed ALA, but not provided with exogenous ATP, will accumulate Proto IX rather than MgProto IX (5, 16) . AFM also reduced the formation of Proto IX from ALA in chloroplasts which were not provided with exogenous ATP, thus indicating a site of inhibition at an earlier step in the pathway than we had previously suspected (Fig. 1) .
The penultimate step in heme and Mg-Proto IX synthesis is the removal of six hydrogen atoms from the protoporphyrinogen nucleus by protoporphyrinogen oxidase (EC 1.3.3.4) to form Proto IX (9, 10). The enzymic oxidation of Protogen was completely blocked by 10 uM AFM (Fig. 1) . The dose response was linear from 300 to 10 nM with 50% inhibition (I50) occurring at about 27 nM (Fig. 2) . Inhibition at this step of the tetrapyrrole pathway would seem to be contradictory to the results from the in vivo studies cited previously, where considerable buildups of Proto IX have been observed to occur (12, 20) . However, Protogen spontaneously oxidizes under aerobic conditions at an appreciable rate; thus Protogen accumulating as a result of the inhibition of protoporphyrinogen oxidase, would be expected to convert nonenzymically to Proto IX in vivo and in the solvent extracts made from those tissues (2, 9, 10, 1 1). Spontaneous oxidation of accumulated Protogen to Proto IX in methanolic extracts is undoubtedly responsible for the apparent reduction in the effect of 10 gM AFM on the synthesis of Proto IX with ALA as substrate, as compared to the effect with Protogen as substrate, (66% versus 100%, Fig. 1) . Elimination of the solvent extractions and column separations from the protoporphyrinogen oxidase assay, in favor of directly monitoring a detergenttreated suspension, greatly reduced this potential for confounding, nonenzymic oxidation. Figure 2 . Inhibition of protoporphyrinogen oxidase by acifluorfenmethyl. The production of Proto IX from freshly prepared protoporphyrinogen was monitored in isolated, developing chloroplasts after a 30 min dark incubation. Protoporphyrin IX was determined spectrofluorometrically in detergent extracts of the chloroplast suspensions. The nonenzymic rate of autooxidation was determined from heat inactivated samples and subtracted from the control and treatment rates to determine the rate of enzymic oxidation.
have any significant effect on the nonenzymic oxidation of Protogen in heat-denatured chloroplast suspension.
This still leaves open the question as to why Proto IX accumulates in AFM-treated tissues rather than being converted to Chl since AFM appears to have no effect on Mgchelatase. One possible explanation is provided by kinetic studies on heme synthesis in mouse mitochondria; Ferreira et al. (6) have proposed that substrate channeling occurs between the protoporphyrinogen oxidase and ferrochelatase, thus reducing the accessibility of Proto IX originating from outside the membrane-bound enzyme complex to chelation. Another possibility is that autooxidation yields species of porphyrins not exactly identical to the enzymically generated Proto IX (15, 17 (3, 19) .
These observations have led us to propose a model for AFM activity as outlined in Figure 3 . The primary effect is inhibition of protoporphyrinogen oxidase by AFM; the Protogen which builds up as a result spontaneously oxidizes to form Proto IX in the stroma and/or cytosol. The Proto IX formed in this manner is either inaccessible to the magnesium-and ferro-chelatases, or the rate of reentry into the pathway is significantly less than the rate of accumulation so that the concentration of the photosensitizer increases until irreversible membrane damage occurs through light-induced lipid peroxidation.
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